Here, we report that pluripotent ES cells of the line BLC 6 differentiate in vitro into neuronal cells possessing the complex electrophysiological and immunocytochemical properties of postmitotic nerve cells. In the course of differentiation BLC 6-derived neurons differentially express voltagedependent (K+, Na+, Ca2+) and receptor-operated (GABA*, glycine, AMPA, NMDA receptors) ionic channels. They generate fast Na+-driven action potentials and are functionally coupled by inhibitory (GABAergic) and excitatory (glutamatergic) synapses as revealed by measurements of postsynaptic currents. Moreover, BLC 6-derived neurons express neuron-specific cytoskeletal, cell adhesion and synaptic vesicle proteins and exhibit a Ca "-dependent GABA secretion. Thus, the ES cell model enables the investigation of cell lineage determination and signaling mechanisms in the developing nervous system from a pluripotential stem cell to a differentiated postmitotic neuron. The in vitro differentiation of neurons from ES cells may be an excellent approach to study by targeted gene disruption a variety of neuronal functions.
Introduction
The complex development of the mammalian nervous system is controlled by a number of epigenetic and endogenous cellular signals during embryogenesis and early postnatal life (McKay, 1989; Luskin, 1994) . So far, these signals are not well understood because it is difficult to dissect and to analyze the interacting processes of neuronal differentiation and migration in the embryo. The isolation and in vitro cultivation of neuronal and glial precursor cells (Temple and Raff, 1985; Anderson and Axel, 1986; Temple, 1989) has considerably contributed to our knowledge of cell lineage determination and cellular signaling mechanisms during neurogenesis. A well characterized example is the glial progenitor cell O-2A, giving rise to oligodendrocytes and type-2 astrocytes depending on the cultivation conditions (Raff et. al., 1983) . O-2A cells were shown to differentiate exclusively into oligodendrocytes in response to PDGF (Raff et al., 1988) , whereas bFGF blocked PDGF-induced differentiation (McKinnon et al., 1990) .
Unfortunately, the use of embryonic precursor cell lines is often limited by the small number of accessible cells. Therefore, permanent cell lines are widely employed to study the molecular basis of neuronal physiology and differentiation.
Such cell lines derived from neuronal and neuroendocrine tumors (e.g. PC12, SHSY-SY) or from teratocarcinomas (e.g. P19, NT-2) can be induced to undergo neuronal differentiation (Greene and Tischler, 1976; Pfeiffer et al., 1981; Jones-Villeneuve et al., 1983; Lang et al., 1989) . However, the pathways involved may significantly differ from those activated in vivo and some features of mature neurons, e.g. functional interneuronal synaptic transmission, have not been obtained. More recent studies employed immortalization techniques to generate permanent cell lines from defined neuronal progenitor cells (Bartlett et al., 1988) or via targeted oncogene expression in transgenic mice (Mellon et al., 1990) . Immortalized cell lines are well suited to follow the developmental program in committed neuronal lineages (Birren and Anderson, 1992 ) but many of them are not able to complete their postmitotic differentiation (Tixier-Vidal, 1994) .
ES cell lines derived from the inner cell mass of the blastocyst or the &cell stage embryo can be permanently kept in cell culture as self-renewing stem cells (Evans and Kaufman, 1981; Wobus et al., 1991) . Retransferred into the blastocyst ES cells participate in the normal embryonal neurogenesis {Gossler et al., 1986; Bradley, 1987) . They combine the advantage of a non-transformed, pluripotent phenotype with the ability to differentiate in vitro into different cell lineages, including hematopoietic cells, skeletal and cardiac myocytes (Doetschmann et al., 1985; Maltsev et al., 1993 Maltsev et al., , 1994 Rohwedel et al., 1994) . Evidence for an in vitro differentiation of ES cells into the neuronal lineage was reported by Wobus et al. (1988 Wobus et al. ( , 1994 and Rohwedel et al. (1994) . A recent study (Bain et al., 1995) showed that retinoic acid (RA) enables the differentiation of ES cells into neuronal-like cells with a high efficiency. However, the functional properties and developmental potential of ES cell-derived neurons have not been studied in detail. Here, we report the differentiation and functional characterization of neuronal cells from the ES cell line BLC 6 (Wobus et al., 1988) , which was previously used to study ES cell-derived myogenesis . Our findings suggest that ES cells differentiate in vitro into different subsets of neurons forming functional networks of synaptically coupled cells These cells reveal electrophysiological and biochemical properties almost indistinguishable from primary cultures of embryonic central nervous system (CNS) neurons. Ion channel expression in BLC 6-derived neurons followed a similar temporal pattern as found in certain embryonal neurons (Grantyn et al., 1989) .
Our results demonstrate the value of ES cell-derived models for the analysis of neuronal function and development on a cellular level.
Results

Effects of RA on neuronal dlrerentiation of BLC 6 ES cells
For the generation of neuronal cells pluripotent BLC 6 ES cells were differentiated via embryoid bodies (EBs) as shown in Fig. 1 . The differentiation involved two steps. First, cells were grown in suspension for 4 days ('4 d') allowing their aggregation to EBs. In the second step the EBs were plated on gelatin-coated surfaces ('4 + x d'). Two days after plating ('4 + 2 d') neuronal cells could be was significantly increased by RA in comparison to the spontaneous differentiation in DCC-FCS-containing medium (P < 0.01, t-test) for all days tested. Given are means f SEM (n = 4).
identified by their morphology (Wobus et al., 1988; Rohwedel et al., 1994) in EB outgrowths.
The presence of 10m7 M RA during the first 2 days of differentiation ('0 -2 d') raised the efficiency of subsequent neuron formation in comparison to control conditions as judged by neuronal cell morphology (Fig. 1,  inset ) and immunocytochemical detection of the synaptic vesicle protein synaptophysin (Table 2) . Neuronal cells stopped to proliferate between day 5 and 7 after plating ('4 + 5 d' to '4 + 7 d') and their apparent number per EB decreased continuously thereafter in RA-treated cultures (see Table 2 ). This phenomenon might be due to the increasing expression of glutamate receptors in BLC 6 neurons (see below) accompanied by the augmentation of glutamate-induced cytotoxic effects. Patch-clamp recordings from neuronal cells differentiated either in the absence or presence of RA revealed no apparent changes 
Fundamental
neuronal properties, such as excitability and synaptic transmission, are based on the expression of different types of ion channel proteins which are involved in the constitution of a certain neuronal cell fate. Therefore, we investigated the development of ion currents in differentiating BLC 6-derived neurons using the wholecell patch-clamp technique. Neuronal cells were measured in EB outgrowths from 2 to 20 days after plating on coverslips ('4 + 2 d' -'4 + 20 d').
The cells were not excitable during the first 3 days after plating, but about 90% of cells tested showed spontaneous or evoked electrical activity at '4 + 7 d' which was inhibited by tetrodotoxin (TTX) (Fig. 2) . The fast, regular action potentials are similar to those in cortical rat interneurons (Hestrin, 1993) .
We characterized the voltage-dependent ion currents underlying the electrical activity of the neuronal differentiated cells and found that voltage-dependent K+, Na+ and Ca2+ currents (Ix, INa, Zca) were expressed with increasing current densities during differentiation (Fig. 3b) . IK was strongly inhibited by 10 mM tetraethylamonium. was more efficiently blocked by 1 mM 4-aminopyridine suggesting the existence of different K+ channel types (Fig. 3a) . ZNa was highly sensitive to TTX and almost completely abolished by application of 0.1 PM 'ITX (Fig. 3a) . The Ki for the inhibition of ZNa by 'ITX was 15 nM (data not shown) which is close to Ki values previously reported for neuronal Na+ channels (Agnew, 1984) . The pharmacological evaluation of the whole cell Zca revealed the existence of at least 4 different Ca*+ channel subtypes in BLC 6 neurons. Whereas the Ptype channel blocker w-AgaTX (100-200 nM) suppressed only 11.9 + 6.3% (n = 8) of Zca, the L-type Ca2+ channel antagonist isradipine (3 ,uM) blocked 30.6 ? 8.7% (n = 8) and the N-type-specific neurotoxin w-CgTX (3-10 PM) 34.1 + 9.9% (n = 8) of Zca, respectively.
The remaining Cd2+-sensitive (50pM Cd2+) current amounted to 23.4 + 11% (n = 8) of control Z,,. The Ca2+ channel inhibition by o-CgTX and o-AgaTX was irreversible, whereas the effect of isradipine could be partially washed out. An example for the action of the different Ca2+ channel inhibitors is illustrated in Fig. 3a .
To study the temporal sequence of voltage-gated channel expression, which might be crucial for the development of excitability and further differentiation processes (reviewed by Spitzer et al., 1994) we measured Zk, I,, and I,, densities during the whole differentiation period ('4 + 2 d' -'4 + 20 d'). We observed a monotone increase in the density for all three currents which was roughly estimated by fitting the data points to rising monoexponential functions ( Fig. 3b ). Using this approach we found that I, and Z,, expression started (fitted by the parameter rr,) almost immediately after plating of the EBs (re = 0.2 and 0.1 days) and proceeded with time constants (t) of 4 days and 6.5 days, respectively.
Zca appeared about 1.5 days (r,-, = 1.6 days) later than Zk and I,, and the increase of Zca density followed a slightly slower time course (r = 9.5 days). These data fit with the early appearance of Na+-dependent action potentials in the BLC 6-derived neurons. Similar results were reported by Grantyn et al. (1989) and Gottmann et al. (1991) for primary embryonic neurons.
Receptor-operated ion channels play an essential role not only in carrying fast synaptic transmission but also in the mediation of trophic signals, migration and synapse arrangement during neuronal development (Lipton and Kater, 1989; Komuro and Rakic, 1993; Lauder 1993; Scheetz and Constantine-Paton, 1994) . We tested the functional expression of receptor-operated ion channels by measuring current responses to extracellular application of different neurotransmitters or selective receptor agonists. We found that the neuronal cells responded to yaminobutyric acid (GABA), glycine, kainate and NMDA (Fig. 4 ) but not to nicotine or ATP. The responses to 1 mM GABA or glycine were completely inhibited by 1OOpM bicuculline or 30pM strychnine, respectively, suggesting a Cl-current activation via GABA, and glytine receptors. In the mature brain and spinal cord GABA and glycine act as inhibitory neurotransmitters inducing membrane hyperpolarization and inhibiting neuronal firing. However, in some embryonic neurons and immortalized GTl-7 cells GABA was found to cause membrane depolarization accompanied by an influx of Ca2+ (Yuste and Katz, 1991; Hales et al., 1994) . In preliminary experiments using the fluorescent dye fura-we were unable to detect a Ca2+ influx following GABA or glycine application, indicating their action as classical inhibitory neurotransmitters on BLC 6-derived neurons. Glutamate, the main excitatory transmitter in the CNS, is known to act on three pharmacological and functional distinct classes of ionotropic receptors, NMDA, (&)-aamiix+3hydroxy-5-methylisoxazde4-propionic acid (AMPA) and kainate receptors (Seeburg, 1993) . In neuronal BLC 6 cells 1OOpM NMDA evoked a non-desensitizing current in the presence of 10pM extracellular glycine and absence of Mg2+ (Fig. 4) . This current was strongly inhibited by 50pM AP-5 and not detectable upon removal of glycine (data not shown) in accordance with the pharmacological profile of NMDA receptors. The neurotoxin kainate induced persistent currents acting on high affinity AMPA receptors but fast desensitizing responses on kainate receptors (Herb et al., 1992 ). In our model the kainate responses (300 PM kainate) were non-desensitizing and were completely abolished by the non-NMDA antagonist CNQX (50pM), suggesting the expression of high affinity AMPA receptors (Fig. 4) . Using a fast application system (a second pipette containing the agonists was placed close to the observed cell and the drugs were applied by pressure ejection), we found no apparent changes of kainate responses whereas glutamate (1OOpM) activated a fast desensitizing current (data not shown).
As the voltage-dependent currents, the densities of neurotransmitter-induced currents increased during differentiation. The time courses of GABA, glycine, kainate and NMDA-activated currents reveaIed that the expression of GABA*, glycine and AMPA receptors started almost simultaneously at day 2 after plating (to = 1.9, 1.7 and 1.6 days) (Fig. 4) . NMDA receptors appeared O.5-1 days later (rc = 2.4 days) and most cells did not respond at all to NMDA during the first 4 days after plating. A similar sequence of ionotropic receptor expression was found in embryonic neurons from rat tectum (Grantyn et al., 1989) . The GABA-induced current amplitudes increased much faster (t = 4.6 days) than all others (r = 9.0-10.2 days) which could be due to an early secretion of GABA and autostimulation of GABA* receptor expression (Lauder et al., 1986; Kim et al., 1993) .
The main task of mature neurons is to process information in a network of synaptically coupled cells. Although numerous neuronal in vitro models derived from permanent cell lines have been developed, the formation of functional, interneuronal synapses in these systems has not been directly shown. Therefore, we tested the occur- rence of synaptic currents, the functional correlate of a synaptic coupling, in neuronal BLC 6 cells. There was no measurable postsynaptic activity until day 8 after plating ('4 + 8 d'), but thereafter we were able to record evoked and spontaneous postsynaptic currents in BLC &derived neurons.
Spontaneous postsynaptic currents were seen at the used holding potentials (-60 to -80 mV) as inwarddirected current fluctuations.
They consisted of small events activated by the basal, stochastic release of synaptic vesicles and, presumably action potential-driven, bursts of postsynaptic activity (see Figs. 5, 6 ). The burst activity was not observed when spontaneous action potentials were blocked by extracellular application of 1 ,uM TTX. In contrast, postsynaptic currents were evoked or potentiated by membrane depolarization and accompanied Ca2+ influx in the presynaptic neurons (induced by extracellular application of 15 mM K+ or IOOpM glutamate). In most cases postsynaptic currents were inhibited by the GABA, antagonist bicuculline (complete inhibition at 5-10,~M) ( CNQX-sensitive and a slower AP-5sensitive component (Fig. 6) indicating the activation of both postsynaptic AMPA and NMDA receptors. Similar miniature EPSCs were shown in cultured rat hippocampus pyramidal neurons (Bekkers and Stevens, 1989) . In one cell we observed only a fast CNQX-sensitive EPSC component but it is unclear if this reflects an earlier developmental stage of excitatory synapses or a functional different synapse type.
The developmental changes in the expression of ion channels and occurrence of synaptic currents were comparable among different experimental series and led us to the definition of three developmental stages during maturation of BLC 6-derived neurons. The main features of 'early', 'intermediate' and 'terminal' differentiated neurons are summarized in Table 1 .
Immunocytochemical detection of neuron-specific proteins
Besides their functional properties, neuronal cells are characterized by the expression of various, cell typespecific proteins.
We tested the expression of neuron-specific proteins in terminally differentiated BLC 6 cells using immunofluorescence microscopy. CelIs with neuronal morphology were found to be positive for the neuronal surface marker N-CAM, the synaptic vesicle proteins, SV 2, synaptophysin and synaptobrevin (Fig. 7) , as well as for the neurofilament proteins (NFPs) 68 kDa, 160 kDa and 200 kDa (data not shown). Immunoreactivity of synaptophysin co-localized with cells positive for NFPs (mixture of NFP 68, 160 and 200 kDa) as expected for neurons, but no co-localization with markers of glial (glial fibril- lary acidic protein (GFAP)) or epithelial cells (cytokeratins Lu 5) was observed (Fig. 8) . However, GFAPpositive, synaptophysin-negative cells were found in EB outgrowths (Fig. 8, middle panels) indicating the development of glial-like cell types, together with neurons, from BLC 6 stem cells. The morphology of these cells was clearly distinct from the neuronal cells, lacking long neurites and clear cell bodies. To quantify the differentiation of neuronal cell types and the inductive influence of RA more precisely, control (15% DCC-FCS) and RAtreated EBs were immunostained with synaptophysin at different times after EB plating. It should be noted that in control EBs only single neuronal cells or small clusters (5-10 cells) of neurons were detected. In contrast, RA-treated EBs contained extended areas of neuronal networks with clusters of hundreds of neurons and extensive neuritic outgrowths. Table 2 Immunocytochemical detection of synaptophysin-positive BLC 6-derived neuronal cells 
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Pig. 7. Neuron-specific proteins in terminally differentiated BLC 6-derived neurons. Neuron-specific proteins were detected and visualized by indirect immunofluorescence microscopy. Phase-contrast (left panels) and fluorescence (right panels) microphotographs are shown. The antibodies against N-CAM, protein SV 2 (SV 2). synaptophysin (Syn; detected by the monoclonal antibody SY 38) and the antiserum against synaptobrevin (Syb) immunostained only cells with a neuronat morphology, whereas all other cells exhibited no immunoreactivity.
Bar corresponds to 10pm. EBs were differentiated by RA as shown in Fig. 1 (circles and triangles) or under 'non-neuronal' conditions (using DME with only 15% FCS) preventing a noticeable neuronal differentiation (squares 
[3H]GABA-secretion
The sensitivity of postsynaptic currents to the GABAA receptor antagonist bicuculline already suggested GABA as the main neurotransmitter in BLC 6-derived neurons. To measure GABA secretion directly and to prove the functionality of the specific GABA uptake mechanisms, EBs were pre-loaded with r3H]GABA and K+-induced GABA release was determined.
We observed a dosedependent r3H]GABA release from terminally differentiated EBs (2'4 + 8 d') which was largely abolished by removing of external Ca2+ (Fig. 9) . The stimulated [3H]-GABA release was specific for EBs containing neuronal cells and was not detected in EBs differentiated under conditions which suppress the development of neurons (Fig. 9 ). Also glutamate (1 mM) was able to stimulate [3H] GABA secretion about 2.5fold in neuronal differentiated EBs, confirming the existence of ionotropic glutamate receptors on GABA-secreting presynaptic neurons.
Discussion
The ES cell line BLC 6 appears to be a valuable model to study ES cell-derived neuronal differentiation. The cultivation of pluripotent stem cells in EBs alone was sufficient for spontaneous formation of neurons (using control medium with 15% DCC-FCS). However, a much higher amount of neurons and an accelerated time course of positive synaptophysin immunostaining was obtained by differentiating EBs for the first 2 days in the presence of RA, a natural morphogen and inductor of neuronal differentiation in different tumor cell lines (Summerbell and Maden, 1990) . The efficiency of neuronal differentiation with a different protocol for RA induction was very similar to that reported by Bain et al. (1995) for the ES cell lines CCE and D3 (see also Wobus et al., 1994) . The apparent identity of neuronal cells generated by both protocols indicates that RA increased the frequency and speed of neuronal differentiation without changing the functional cell fates of the differentiating neurons in this system. Electrophysiological measurements of ionic currents and detection of neuron-specific proteins by indirect immunofluorescence microscopy were combined to define the cellular properties of BLC 6-derived neuronal cells. Different neuronal cell types express different sets of ion channels tuned to carry out the cell type-specific functions. Therefore, the cell-specific ion channel pattern can be used, in addition to the immunocytochemical examination of marker proteins and gene expression pattern (Bain et al., 1995) , as a cellular 'fingerprint' to characterize the developing neuronal cell fate.
The pharmacological evaluation of ion currents in neuronal BLC 6 cells revealed that different types of voltagedependent K+ and Ca2+ channels, as well as a highly TTX-sensitive 'neuronal' Na+ channel (Agnew, 1984) , were expressed. Two Ca2+ current components were identified as N-and P-type channels which are found in neuronal and neuroendocrine cells (Mintz and Bean, 1992; Schertibl et al., 1993) . BLC 6-derived neurons express receptors for GABA, glycine and glutamate (AMPA and NMDA receptors), the main inhibitory and excitatory neurotransmitters in the CNS. Interestingly, almost the same set of ion currents was detected in neurons derived from the ES cell lines CCE, D3 (Bain et al., 1995) BLC 6 and Rl (our unpublished data) when differentiated in the presence of RA. It has to be further investigated if such uniformity among neurons derived from different ES cell lines really exists and how the differentiation protocols determine the developing neuronal phenotypes.
The sequence of ion channel expression was similar to that found in primary cultures from embryonic rat neurons (Grantyn et al., 1989) and did not change under different culture conditions (with or without RA). It seems that the general pattern and order of channel expression is determined during the commitment to a certain cell fate and does not noticeably vary among similar neuronal cell types.
The co-expression of NMDA and non-NMDA receptors is not described in neuronal tumor cell lines, except in RA-differentiated NTZN cells (Younkin et al., 1993) which was interpreted as the incapability of neuronal cell lines to terminal neuronal differentiation.
This limitation does not apply for the BLC 6 neurons. Moreover, they form GABAergic and glutamatergic synapses in vitro, a unique feature of primary cultures established from already differentiated neuronal tissue.
Although GABA* and glycine receptors exhibited approximately the same current densities in BLC 6 neurons, IPSCs were completely abolished by 5-10pM bicuculline, indicating an exclusively GABAergic input as characteristic for higher brain regions. The regulated exocytosis and directed uptake of GABA could also be demonstrated by secretion measurements from neuronal differentiated EBs. The synaptic currents, observed during the terminal differentiation stage, were mostly IPSCs. However, a few cells also received an excitatory input, revealed by CNQX-and AP-5sensitive postsynaptic currents. This indicates the existence of a small population of excitatory neurons. Accordingly, preliminary experiments with a GAD-specific antibody, a marker of GABAergic neurons, revealed that about 70-80% of synaptophysinpositive, terminally differentiated neurons express GAD. It might be speculated that this situation reflects the development of cortical regions where GABAergic interneurones differentiate prior to the excitatory pyramidal cells. These two neuron-types arise from different precursors diverging by the onset of neurogenesis (Luskin et al., 1988; Parnavelas et al., 1991) but the regulation of this process is almost unknown. Further studies on neuronal BLC 6 differentiation may elucidate the events leading to the generation of inhibitory and excitatory neurons in the ES cell model.
Our data demonstrate that neuronal cells derived from the ES cell line BLC 6 carry characteristic features inherent to postmitotic CNS neurons. Considering the shape of action potentials, the expression pattern of ion channels and biochemical markers as well as the kind of synaptic transmission, we suppose the predominant part of the differentiated BLC 6 neurons to represent an early type of inhibitory interneurons.
Indirect evidence for the existence of a much smaller population of glutamatergic excitatory neurons is supported by the occurrence of EPSCs and the negative staining of some neurons with a GAD antibody.
We conclude that pluripotentitotipotent ES cells are an appropriate model to study the cell lineage determination during embryogenesis and the differentiation into neuronal cells. Such model systems may also facilitate the investigation of neurogenesis in genetically modified ES cells, even if the targeted mutation results in pre-or periimplantational death of the manipulated embryos.
Materials and methods
Cell culture and di#erentiation
BLC 6 stem cells were grown on a feeder layer as previously described . Cells were differentiated via embryo-like aggregates, so-called embryoid bodies (EBs), as detailed in Fig. 1 . During differentiation EBs were kept in DME (Biochrom, Berlin, Germany) supplemented with 20% FCS (Gibco BRL, Eggenstein, Germany), 2 mM glutamine (Gibco BRL), non-essential amino acids (stock solution l:lOO, Biochrom), 100 U/lOO~g/ml penicillin/streptomycin (Biochrom, Berlin, Germany) and 50 PM B-mercaptoethanol (Serva, Heidelberg, Germany). All-trans retinoic acid (RA) obtained from Serva (Heidelberg, Germany) was diluted in ethanol (96%) and stored as stock solution (10m3 M). Aliquots were frozen at -80°C and used only for a single experiment. For differentiation of BLC 6 cells in the absence of RA 15% dextran-coated charcoal (DCC)-FCS was employed to exclude the influence of endogenous retinoids (Van den Eijnden-van Raaij et al., 1994) .
Antibodies and immunojluorescence
microscopy EBs grown after plating (day 4) for 9-14 days ('4 + 9 d' -'4 + 14 d') on cover slips were fixed with 4% (w/v) formaline and processed for immunofluorescence microscopy as described (Ahnert-Hilger et al., 1994) . Synaptophysin (Syn) was detected by the monoclonal antibody SY 38 (diluted 1:400) (Wiedenmann and Franke, 1985) or a polyclonal antiserum (diluted 1:50) (Rosewicz et al., 1992 
[3H]GABA release
Cells were preloaded in Krebs-Ringer-Hepes (KRHepes) buffer containing (in mM) NaCl 130, KC1 4.7, MgS04 1.2, CaCl* 2.5, glucose 11, Hepes 10 (pH 7.4) supplemented with 0.5 &i/ml [3H]GABA (specific activity 60Ci/mmol) from NEN (Dreieich, Germany), 1 mM aminooxy acetic acid and 0.5 mM gabaculine for 2 h at 37°C. The cells were washed three times for 5 min with fresh KR-Hepes and preincubated for 20 min at 37°C in fresh buffer supplemented with 0.2% bovine serum albumin. Stimulation was performed for 10 min at 37°C in bovine serum albumin-containing KR-Hepes supplemented with the various secretagogues.
To determine the Ca2+-independent GABA release a KR-Hepes buffer containing 0.5 mM EGTA instead of CaCIZ was used for stimulation. Radioactivity was estimated in the supernatant and in the cells after lysis with a buffer containing (in mM) Tris-HCI 130, CaC12 10, NaCl 75 (pH S.O), supplemented with 0.2% Triton X-100. r3H]GABA release was given as a percentage of the radioactivity present at the beginning of stimulation. The values are given as means of triplicates + SD.
Electrophysiology
EBs grown for 2-20 days on gelatin-coated cover slips were transferred into a perfusion chamber (4 ml/min) and neuronal cells were detected in EB outgrowths. Wholecell patch-clamp experiments (Hamill et al., 1981 ) were performed at 37°C (experiments to determine the TTXsensitivity of Na+ channels were performed at 8°C). Patch pipettes with pipette resistances between 3 and 6 MS2 were prepared from borosilicate glass capillaries {Jen-cons, Leight Buzzard, UK). Currents were recorded with a List LMIEPC 7 patch clamp amplifier (List Electronics, Darmstadt, Germany) using the CED (Cambridge Electronic Design, Cambridge, UK) interface and software. Cell capacitances were determined from 2 ms voltage ramp pulses from -80 to -100 mV. Data were filtered with 3 kHz and stored on hard disk or DAT-recorder. Offline data analysis was performed with the CED software and SigmaPlot 5.0 (Jandel Corp., Corte Madeira, USA).
The patch pipettes were filled with a high K+ solution containing (in mM): &-BAPTA 20, KC1 50, MgC12 1, Mg2ATP 3, Hepes 10, pH adjusted to 7.4 with KOH at 37°C. For the isolation of inward Ba2+ and Na+ currents a high Cs+ pipette solution, containing (in mM): CsCl 120, MgC12 1, Mg2ATP 3, Hepes 10, EGTA 10, pH 7.4 adjusted with CsOH at 37"C, was used.
The standard external solution contained (in mM): NaCl 140, KC1 5.4, CaCl, 1.8, MgCl2 1, glucose 10, Hepes 10, pH adjusted to 7.4 with NaOH at 37°C. Currents through N-methyl-D-aspartate (NMDA) receptors were detected in a modified external saline (Mg2+-free external solution) having the same constituents as the external standard solution except MgCI,.
For the measurements of Ba2+ currents through Ca2+ channels an external solution was used containing (in mM): D(-)-N-methylglucamine 120, BaC12 10.8, CsCl 5.4, MgC12 1, glucose 10, Hepes 10, pH adjusted to 7.4 with HCI at 37°C. Isradipine was a kind gift from Sandoz (Basel, Switzerland). w-Conotoxin GVIA (w-CgTX) and o-agatoxin IVA (w-AgaTX) were obtained from Alomone Labs (Jerusalem, Israel), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), (-)-bicuculline methchloride (bicuadline) and (k)-2_amin@5phosphoncpentanoic acid (AP-5) were from RBI (Natick, USA). All other chemicals were purchased from Sigma (Deisenhofen, Germany).
